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RESEARCH PAYS OFF 
By citing the example of one oil com- 
pany for which research recently paid 
off handsomely, we would like to in- 
dicate not only how the petroleum in- 
dustry and the motoring public stand 


to benefit from this company’s re- 
search but also how any company, its 
industry and their public can expect 
to benefit from successful research. 
The company in question has, 
through research, found a way to in- 
crease the recovery of crude oil from 
the Bradford (Pennsylvania) field and, 
at the same time, do so more econom- 
ically than has hitherto been possible. 
In dollars and cents the pay-off to 
the company has already amounted 
to a sum that it says is “far in excess of 
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Like the plants in our gardens, industries will only 
take root and grow where the “‘climate”’ is favor- 
able and they receive the “nourishment” they re- 
quire. However, industrial plants are free to seek 
their own environment, and they will only grace 
our garden when they know in advance that they 
will be well cared for. When different areas com- 
pete for the same industrial plant, one may satisfy 
some requirements and fall short in others. No 
avea can offer industry raw materials that Nature 
did not give it, nor, over the short term, can it 
provide labor and markets unless its population and 
income are sufficient. Any area seeking to attract 
industry should examine carefully what it has to 
offer and then strive to make those assets as strong 
as possible. 

Georgia’s labor supply is one of our greatest ad- 
vantages in attracting industry. We can maximize 
this advantage by training more of our young men 
in engineering and the sciences so that the avail- 
ability of their specialized skills will reinforce the 
appeal of our abundant general manpower situation. 

Adequate facilities for research and development, 
staffed by the best scientists obtainable, constitute 


another highly potent lure to industry. We have 
already seen how research has created mew Southern 
industries—Herty’s paper pulp from Southern pine 
and the Virginia-Carolina Company’s synthetic tex- 
tile fiber from peanut protein. I would like to 
point out that there are numerous types of industry 
that, because of their technical nature, actively 
seek location near research facilities. For example, 
a manufacturer of electronic instruments chose 
Palo Alto, California, as his plant site for one rea- 
son above all others—to be near Stanford Research 
Institute. 

Above and beyond the raw materials and markets 
that renascent Georgia now offers industry, we can, 
if we will, offer “‘nourishment’’ to new plants by 
providing abundant scientifically trained manpower 
and a ‘“‘climate’’ favorable to technological progress 
by utilizing and strengthening the research organ- 
izations of our state. Georgia Tech and its Engi- 
neering Experiment Station stand ready to serve 
in this undertaking. 


BLAKE R. VAN LEER 
President, Georgia Institute of Technology 














MEASUREMENT OF CARDIAC OUTPUT 
AN ILLUSTRATION OF MEDICAL INSTRUMENTATION 


By R. A. LEE* AND FREDERICK DIXON** 





This article describes a new piece of equipment for measuring blood flow in 

humans and discusses some of the problems peculiar to biological instrumenta- 

tion that had to be solved during the development work. As such, it comple- 

ments and extends Mr. Dixon's earlier article, “Philosophies Concerning Engi- 
neering Problems in Medical Research.” 


The degree and scope of modern scientific 
and technological successes sometimes lead 
us to overconfidence concerning the meas- 
urability of physical phenomena in general. 
We have become accustomed to the post- 
Aristotelian observation that knowledge is 
an almost certain consequence of measure- 
ment, and hence would be inclined to say 
that in the fields of biology and physiology 
much knowledge awaits merely the record- 
ing of much (more) data. The comment is 
probably accurate enough, but the word 
“merely” would be ill-advised. Many of the 
controlling mechanisms in living organisms 
prove to be difficult of access and isolation; 
the necessary instruments for measurement 
are often complex and unstable; and the 
reaction of an organism to the act of being 
measured can be both violent and unpre- 
dictable and is almost always variable. The 
instrumentation problem is, itself, difficult. 
In addition, in order to make use of and 
interpret the measured data, we must have 
theories about the operation and perform- 
ance of living machines which are both suffi- 
ciently simple to be comprehensible and 
sufficiently general to be comprehensive. We 
are ultimately faced with the situation of a 
machine attempting to analyze itself. 

In a previous article we discussed facts 
and ideas associated with the application of 
engineering skill to medical research. To 
illustrate more concretely the role of the 
engineer in this field of endeavor, we will 
now describe some of the considerations en- 
tering into the design of a specific instru- 
ment to be used for human physiologic re- 
search. The device, which may be termed a 
“semicontinuous cardiac-output analyzer,” 
was recently completed at the Emory Uni- 
versity Cardiovascular Laboratory, Henry 
W. Grady Memorial Hospital, Atlanta, 
Georgia.* 

"Instrumentation Engineer, Emory University. 
**Research Physicist. 
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Cardiac output is the volume of blood 
which the heart pumps, on the average, in 
a unit of time. The flow of blood from the 
heart is, of course, pulsatile in nature, so 
that at least one pulse repetition period 
must be taken to obtain the average volume 
output per unit time. Furthermore, since 
two successive pulses may differ from each 
other in amplitude (maximum instantane- 
ous flow rate), shape and duration, it is de- 
sirable to include several heart beats in de- 
fining and measuring cardiac output. 

Figure | shows a simplified schematic dia- 
gram of the cardiovascular system and its 
relationship to the respiratory system. Start- 
ing from the left auricle and ventricle of the 
heart, oxygenated blood is forced through 
check valves into the aorta and thence, 
through successive bifurcations of the ves- 
sels, into arteries, arterioles and capillaries 
which permeate all tissues of the body. The 
gaseous exchanges at the capillaries convert 
arterial blood into venous blood, which is 
returned through a similar but converging 
system of vessels to the right auricle and 
ventricle. The latter organ forces the venous 
blood into the lungs where it is once more 
oxygenated and delivered to the left heart 
for recirculation. The fact that the system 
is closed makes it possible to define cardiac 
output as the volume of blood pumped by 
either side of the heart per unit time. This 
is not strictly accurate, owing to the presence 
of leaks between the pulmonary circulation 
(blood pumped by the right heart to the 
lungs for cleansing) and the bronchial cir- 
culation (blood pumped by the left heart 
to the lungs for nourishing the lung tissues 
themselves); however, the errors concomi- 
tant with neglecting this complication are 
not large. 

The determination of cardiac output is 


*The medical research project for which the instrument 
was built was sponsored by the U. S. Navy Bureau of 
Medicine under Contract No. N9onr92500. 
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Figure 1. In the cardiovascular system, oxy- 

gen is taken in and carbon dioxide is given 

off by the body tissue, and the opposite 
transfer occurs at the lungs. 


important because it permits calculation of 
the amount of work performed by the heart 
muscles and because it permits measurement 
of the metabolic activity of various organs 
of the body. For research purposes, it is 
necessary to determine cardiac output under 
a wide variety of conditions—including 
changes in body position (such as by tilting 
a subject from the horizontal to the ver- 
tical) and changes in body activity (such as 
by the administration of drugs or by exer- 
cise). 


MEASURING CARDIAC OUTPUT 

The obvious first choice of an instrument 
for measuring cardiac output would be a de- 
vice capable of being placed in the aorta 
and responding to the fluid flow rate so as 
to give meter readings directly visible or re- 
cordable. Such a device would be analagous 
to an ammeter in an electrical circuit. Since 
the resistance to flow (ratio of pressure to 
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flow rate) around the blood vascular system 
is quite high, the effect of the instrument’s 
own resistance on the quantity being meas- 
ured could probably be made negligible. 
However, the fact that the vessel in which 
the flow-rate meter would be placed has 
elastic walls (and hence a changeable di- 
ameter), together with the serious difficulties 
involved in entering the aorta, makes this 
approach generally unfeasible. 

A second possible direct approach would 
be to tap a main artery and measure the 
amount of blood lost by the body in a given 
period of time. This method is supposed to 
have been tried on expendable prisoners in 
Germany during World War II; but, in ad- 
dition to its objectionably severe and in- 
human aspects, it has drawbacks due to as- 
sociated alterations in the system being 
measured. If a very large vessel such as the 
aorta were cut, the total volume of blood 
available to the heart for pumping would 
rapidly diminish, so that only a short time 
average could be used. If a smaller vessel 
were used, to obtain a sort of aliquot, com- 
pensatory mechanisms could be expected to 
come into play which would alter the frac- 
tion of blood shunted into the open branch 
of the system. 

The ballistocardiograph is a device for 
determining cardiac output from calcula- 
tions based on Newton’s third law of mo- 
tion.’,” As blood is suddenly ejected out of 
the heart chambers during systole (contrac- 
tion of heart) there is a recoil effect which 
can be measured by placing the subject on 
a critically-dampened spring-suspended ta- 
ble. Ballistocardiographs constructed to date 
respond to forces of reaction in one direc- 
tion only; consequently, although the initial 
acceleration of blood is primarily along the 
longitudinal axis of the body, a complete 
picture of the effect is not obtained. Force 
components in three mutually-perpendicular 
directions should be measured, and the sus- 
pension table should allow tilting of the 
patient from horizontal to vertical positions. 
Major mechanical difficulties attend the in- 
clusion of these features in ballistocardio- 
graphic instrumentation. 
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BULK SAMPLING OF FARMERS’ STOCK PEANUTS 


By J. C. MODER* 





Mispricing of farmers’ stock peanuts because of inaccurate grading obviously 

results in a financial loss either to the buyer or the seller. This article discusses 

the problems of grading and suggests methods for arriving at a more accurate 
value. 


The pricing of agricultural products, in 
particular farmers’ stock peanuts, involves 
an extremely complex problem in bulk sam- 
pling. Establishing a reasonably accurate 
dollar value for an agricultural commodity 
requires taking a representative sample of 
sufficient size to give a grade that can be 
reproduced quite closely in repeated sam- 
plings. In studying this problem of bulk 
sampling and grading of farmers’ stock pea- 
nuts, several interesting facts have been 
brought to light which may well have some 
application to the pricing of other com- 
modities. 

The present system of grading farmers’ 
stock peanuts consists of obtaining a bucket 
sample of peanuts from the seller’s truck by 
means of a sampling tube, followed by me- 
chanical splitting to an eight-ounce sample 
for subsequent analysis. This sample is then 
cleaned by hand to determine the percent- 
age of foreign material. From the cleaned 
peanuts, four ounces are hand shelled to 
determine the percentage of sound mature 
kernels, percentage of damaged kernels and 
percentage of moisture in the kernels. 

An analytical study of this system of sam- 
pling and grading has conclusively shown 
that it is inadequate and may adversely af- 
fect either the buyer or seller.** It is inade- 
quate for the following reasons: 

(1) The sample for analysis is obtained in 

a biased manner as explained below 
and is not representative of the entire 
load of peanuts. 

(2) The right of both parties to demand 
regrades, coupled with the seller’s 
knowledge and the buyer’s ignorance 
of the true contents of the truck load 


*Faculty Research Associate and Associate Professor of 

Industrial Engineering. 

**The details of this study are given in a special report 
entitled, Anaiytical Study of the Sampling and Grading 
of Farmers’ Stock Peanuts, Georgia Tech Engineering 
Experiment Station, Feb. 25, 1952. 
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of peanuts in question, is, in effect, a 
bias in favor of the seller. 


EFFECTS OF THE BIASED SAMPLE 


The present saripling method is biased 
as stated in reason (1) above because of the 
inherent construction of the sampling tube 
and the manner in which the material en- 
ters the sampling tube openings. This tube 
which has a pointed bottom, will not sample 
material at the bottom of the truck for a 
distance of at least three inches. Also, pea- 
nuts having a high foreign material content 
will not flow freely into the tube. The effects 
can be summarized as follows: 


(a) Rocks fall into the sampling tube in 
greater percentages than are present 
in the load of peanuts. 

(b) Sticks and hay fall into the sampling 
tube in lesser percentages than are 
present in the load of peanuts. 

(c) Foreign material, highly damaged pea- 
nuts, or high-moisture peanuts that 
may be at the bottom of the truck do 
not get into the sampling tube at all. 
These materials might be intention- 
ally placed there or they might, in 
some cases, settle there in transit. 

These effects have been verified by experi- 
mental tests and by observations made dur- 
ing the 1951 buying season. Thus, the sam- 
ple selected for grading is biased in the case 
of rocky peanuts in favor of the buyer; in 
the case of high-stick-and-dirt peanuts, in 
favor of the seiler; and in the case of pea- 
nuts subject to the effects of Factor (c) 
above, in favor of the seller. 

Seemingly there is only one solution to 
this problem of biased samples. It consists 
of a method of automatically obtaining a 
representative sample of the entire load by 
unloading and reloading each truck. This 
sounds like a rather formidable undertaking. 
However, with suitable equipment it can be 
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accomplished at a reasonable cost. Further- 
more, growing emphasis on marketing clean- 
er peanuts is increasing the need for plant 
precleaning: facilities. The automatic sam- 
pling equipment can conveniently be com- 
bined with such precleaning equipment, 
thereby reducing the over-all costs of both 
units. Some of the advantages of precleaning 
all peanuts before marketing are as follows: 
(1) More accurate and precise grades; 
(2) Reduction in peanut damage and 
dirty-face 2’s (split kernels which are 
dirty); 

(3) More rapid subsequent shelling with 

fewer splits; 

(4) Decrease in the storage volume re- 

quired per ton of peanuts; and 

(5) Improved housecleaning and reduced 

fire hazard in storage and plant. 

A unit which can perform these functions 
of unloading, precleaning, automatic sam- 
pling and reloading is now being built. 
This equipment would have a capacity 
of about 300 tons of farmers’ stock pea- 
nuts per day and would cost about $25,000. 
A similar unit having a capacity of about 
100 tons per day could be built for about 
$12,000. If this equipment is amortized 
over a ten-year period, the total preclean- 
ing and sampling costs would be less than 
$1.00 per ton of farmers’ stock peanuts. 
This seems to be a reasonable price to pay 
for the storage of clean peanuts, especially 
when out-grades must be guaranteed to 
equal in-grades. 


EFFECTS OF REGRADES ON 
PEANUT PRICING 

In addition to the error resulting from 
biased sampling, another factor, perhaps 
equally as important, is independently con- 
tributing to the mispricing of farmers’ stock 
peanuts. This factor is “shopping around” 
by the seller. Even though both the seller 
and the buyer may call for a regrade, the 
seller is placed at a decided advantage due 
to his knowledge and the buyer’s ignorance 
of the true quality of the load in question. 

To establish this fact, a study has been 
made on the distribution of the values of 
peanuts as determined by the present grad- 
ing system on repeated samples from the 
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same load of peanuts. The random-chance 
variation in these values is considerable. For 
example, a load of peanuts whose true value 
is $184 per ton may have dollar estimates of 
its value which range from $157 to $211, as 
shown in Figure 1. Now it is reasonable to 
assume that the seller has a fair estimate of 
the value of his load of peanuts, whereas the 
buyer usually has no information other than 
that supplied by the grading system. Thus, 
if chance results in a grade estimate on the 
high side (above $184), the seller is satisfied, 
the buyer has no reason to be dissatisfied, 
and so the peanuts are sold. The other possi- 
bility does not follow the same course of 
events. If chance results in a grade estimate 
on the low side (below $184), the seller is 
dissatisfied and will demand a regrade or 
will merely market elsewhere. Now the 
chances are that the new grade estimate will 
be greater than the first; thus the loads will 
not be sold at the very low grade estimates. 
This has been verified by analyzing the re- 
sults of a random sample of 200 regrades of 
runner peanuts made during the 1951 buy- 
ing season. The second grades averaged 
$6.43 higher than the first. The net result 
of regrades is then shown in Figure 1 where 
the low grade estimates, indicated by the 
shaded area, are chopped off. This, in effect, 
raises the average price paid for all peanuts 
above their true value. It should be empha: 
sized here that the seller who demands a re- 
grade should not necessarily be criticized, 
since he is doing so merely to get a just price 
for his peanuts. The seller who chances to 
get a favorable price for his peanuts at the 
first sampling is the one who really profits. 

This dilemma also has but one solution, 
and that is to decrease the variability in re- 
peated grades to the point where regrades 
will no longer be demanded by the seller. 
This problem can best be solved by studying 
the individual analyses which go to make up 
the estimate of the dollar value of the pea- 
nut load. 

A study of the damage analysis has been 
made by taking a number of samples from 
the same load of peanuts and having a num- 
ber of inspectors grade each of these sam- 
ples. A statistical analysis of these data indi- 
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THIN METAL FILMS— 
NEW METHODS FOR THEIR PRODUCTION 


By RICHARD B. BELSER* 





Although thin metal films have been known from antiquity, the scope of their 

applications has been greatly increased by the use of different metals and, par- 

ticularly, by the development of new film-forming methods. These new 

methods and a few modern applications of metal films are discussed in this 
article. 


Thin metal films have been useful since the 
early history of civilization; they apparently 
originated among the eastern nations, or 
possibly Egypt. The first thin metal films 
were made of gold which, because of its 
ductility, malleability and noncorrosive na- 
ture, can be hammered or beaten to such 
extreme thinness that the sheets transmit 
light.** Other metals, copper, tin, zinc, pal- 
ladium, lead, cadmium, silver and platinum, 
may be reduced to films in a similar manner, 
although it is likely that only silver and 
platinum were used almost as early as gold. 
At first these films were primarily deco- 
rative in nature, used for such purposes as 
gilding and inlaying; they undoubtedly 
found other uses as talismans or as scientific 
curiosities among the first alchemists or 
philosophers. Their value as noncorrosive 
protection for the baser metals was un- 
doubtedly discovered somewhat later. 
Although glass mirrors coated with tinfoil 
appeared as early as the 13th Century, glass 
surfaces plated with a thin film of silver by 
chemical reduction were not created until 
1835 by Liebig.* This discovery expanded 
the uses and production of thin films for 
manufacturing mirrors and instruments. 
With the discovery of electrolysis and elec- 
troplating shortly after 1800, thin films 
really came of age. In a few years their uses 
extended to include those common today. 
Decorative and noncorrosive films are still 
the most common. Thin films find other ap- 
plications as coatings to withstand frictional 


*Research Physicist. 

**The thickness at which this first occurs is given 
1/150,000 inch, which is about 1/3 the wave length of 
blue light. Actually green light is transmitted by such 
films. This measurement agrees with measurements made 
here on evaporated gold films about 1650 angstroms 
(0.0000063 in.) thick. It is stated in the Encyclopedia 
Britannica that one ounce of gold has been beaten into 
300 square feet of gold leaf. 
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wear or to build up undersized or worn 
parts and as aids in manufacturing elements 
of electrical and electronic products. The 
electroplating industry, a complete field 
within itself, is too extensive for further 
discussion here. 

Three methods of producing thin metal 
films for decoration or surface protection 
are “hot tinning” with molten metal, dip- 
ping and rolling. A more recent introduc- 
tion into industry is metal spraying. Wire 
is fed into a spray gun, melted by a flame 
and blown out onto the surface to be plated. 

In addition to the methods already men- 
tioned, evaporation and sputtering are also 
gaining some industrial importance in the 
production of thin metal films. Although 
these latter methods have been known to 





Figure 1. Wires of the metal to be plated by 
evaporation are hung on the glowing coils 
above the substrate. 
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scientists for a long time, only within recent 
years has their application to industry be- 
come significant. Since they are probably 
less well known to most readers than the 
previously named techniques, evaporation 
and sputtering have been made the primary 
subjects of this discussion. 


Evaporated Films 

Of the two methods, evaporation is the 
more important. Its name is descriptive of 
the principle involved—that a metal heated 
to a sufficient temperature in a vacuum will 
melt and vaporize. The atoms thus released 
will condense in quantity on the first cool 
surface they contact. The vacuums employed 
are rather extreme, about one-millionth at- 
mospheric pressure and, preferably, about 
one ten-millionth or less. In some processes, 
approximately one hundred-millionth at- 
mospheric pressure is necessary. 

Because of the extremely low pressures re- 
quired with the vacuum chamber, two spe- 
cial pumps are employed in series. The first 
resembles a refrigerator compressor, being a 
rotary pump with spring-actuated valves 
sliding against an elliptical rotor. Called the 
forepump, it exhausts through an oil-sealing 
system to the atmosphere. The second pump 
is either an oil diffusion or a mercury vapor 
pump, usually the former. Both of these 
pumps work on the principle of the aspira- 
tor in that a stream of oil or mercury vapor 
follows a closed path from the boiler up a 
chimney. There it is diverted downward by 
baffles in jets of vapor to be condensed and 
returned to the boiler below. Air molecules 
from the vacuum chamber expand into the 
returning vapor and are forced downward 
to the inlet of the mechanical pump through 
which they are pumped to the atmosphere 
outside the system. Although diffusion 
pumps will not exhaust against atmospheric 
pressures, their pumping rate is tremendous 
when they are properly backed by a mechan- 
ical pump. Their size appears to be almost 
unlimited, and, since they have no mechan- 
ical moving parts, they are durable and ef- 
ficient. The large-scale development of these 
pumps has promoted many new uses of 
high-vacuum processing in industry; vacuum 
evaporation is one technique so benefited. 

Normally, metals are evaporated by heat- 
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ing in contact with an electric filament. 
Short wires of the metal are suspended on 
a filament of tungsten or molybdenum, de- 
pending on the metal to be evaporated. A 
typical arrangement is shown in Figure 1. 
As the filament temperature is increased, 
each suspended wire melts and, because of 
surface tension forces, draws up to the fila- 
ment where it appears as a small globule. 
Raising the temperature further causes the 
globules to vaporize. A transparent vacuum 
chamber, i.e., a glass bell jar, will be dark- 
ened by the condensing metallic film. In a 
similar manner, every intercepting surface 
is coated. Hence, an object placed where it 
will intercept the metallic vapor will be 
coated with the evaporating metal. 

Almost all metals can be evaporated. The 
exceptions are primarily the heavy metals 
of the platinum group, whose melting tem- 
peratures approach that of tungsten. In 
general, these are extremely rare and little 
used metals. Evaporation is impractical for 
metals with melting points above 2,000 C. 
On the other hand, films of gold, silver, 
aluminum, copper, nickel, palladium, titan- 
ium, zirconium, chromium, cadmium, in- 
dium, tin, zinc and other metals can be 
readily deposited by the evaporation tech- 
nique. All of these metals except palladium 
have been deposited on glass substrates at 
the State Engineering Experiment Station. 
Such films can be deposited on many dif- 
ferent substrates provided that the material 
does not outgas or yaporize at a rate faster 
than the vacuum pumps can handle. Thus 
films can be deposited on glass, plastics, 
cloth, paper and many other substances, as 
well as on metal. In contrast to electrodepos- 
ited finishes, evaporated films acquire the 
finish of the substrate and, when deposited 
on polished surfaces, need no further pol- 
ishing. A film’s adherence to various sub- 
stances varies, depending on the metal and 
the substrate used, how the substrate was 
cleaned, the pressure in the vacuum cham- 
ber and possibly other factors. Good adher- 
ence can generally be obtained by properly 
adjusting the relationships between these 
factors. In general, films adhere fairly well 
to glass or metals when these are properly 
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THE AUTOMOBILE ENGINE 


By R. L. ALLEN* 





Most American motorists want their cars to be able to get off to a fast start 

and to still have a reserve of acceleration for passing other cars at high speeds. 

How automobile manufacturers build in “high performance’ at both ends of 
the speed range is described in this article. 


We Americans are not an easy people to 
satisfy in our automotive demands, and we 
won't be while fuel stays relatively cheap in 
this country. A major goal of almost every 
American automobile manufacturer is to put 
a little more horsepower in his car than 
there is in any other make. This is not a new 
goal, but recently it has been given more at- 
tention than in former years. The desire 
seems to stem from the premise that each 
driver wants to be able to beat all other 
drivers away from every stoplight. It isn’t 
that we who buy and drive automobiles 
always intend to be the first from the stop- 
light, but we like the smug feeling that we 
could if we wanted to. There is nothing we 
hate worse than running out of acceleration 
before we get to a speed that frightens us. 

We have made many other demands on 
the automobile manufacturer without real- 
izing what we were asking, and the manu- 
facturers have responded amazingly well to 
our demands. The only engine controls we 
now consider desirable are ignition switch, 
starter button and accelerator pedal. The 
engine must be able to idle indefinitely at 
300 rpm or operate at several thousand rpm 
and high load for hours at a time; and the 
demand on the engine may change from 
one end of the scale to the other in a mat- 
ter of seconds. It must respond immediately 
to its controls in any weather from coldest 
winter to hottest summer. There must be no 
noise or vibration under any of these condi- 
tions. The only service we expect to give the 
engine for thousands of miles is oil and gas, 
with possibly a few minor adjustments. Fi- 
nally, the operator must not be required to 
know any more about the engine than the 
proper order in which the controls are to be 
operated. There is probably no other type 
of engine in operation from which so much 


*Professor of Mechanical Emgineering and Faculty Re- 
search Associate. 
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is demanded or which meets the demands 
so well. 

Every year a new model comes on the 
market. The advertisements proclaim that 
the horsepower and the compression ratio 
have been increased and the mileage per 
gallon of gas improved. When we look at the 
engine, if we look at all, it appears just like 
the engine that was in last year’s automo- 
bile. However, when we drive it, we find 
that it will do almost everything the adver- 
tisements claim—except for the gas mileage. 
In many cars the engine horsepower has 
been stepped up year after year without 
changing the basic size or outward appear- 
ance at all. This has been accomplished by 
such things as larger and better carburetors, 
better manifold design, increased compres- 
sion ratio and better fuels. 

The main reason that horsepower is so 
important is that the power required to 
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move the car along a level road at constant 
speed increases approximately as the cube 
of the speed. This means that if it requires 
eighty horsepower to move a car at eighty 
miles per hour, then it will take almost 
twice that to make it travel one hundred 
miles per hour. (See Figure 1.) Most of this 
power is used in just pushing the car 
through the air. Since most standard-size 
cars have about the same frontal area, the 
power needed to keep them moving at a 
given speed is about the same. It also means 
that adding another ten or twenty horse- 
power isn’t going to make the old car go 
much faster, but you will be able to get to 
the faster speed more quickly. You will also 
have some acceleration left when the other 
fellow’s runs out. 

At low speeds, the power that an automo- 
bile engine will produce is almost directly 
proportional to the revolutions per minute. 
This is indicated by Figure 2 in which the 
solid curve represents the relationship be- 
tween engine speed and available power for 
an unmodified engine and the dotted curve 
the same relationship for the engine after 
its rated horsepower has been increased. As 
the speed increases the curve begins to level 
off and, in the high-speed range begins to 
drop. 
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If we combine the curves in Figures | and 
2, we obtain Figure 3. At any speed of the 
car less than the point where the curves 
cross, there is much more power than is 
needed. We have to keep the throttle partly 
closed to keep the car from running away; 
but the more reserve we have, the more ac- 
celeration is available or the steeper hill we 
can pull without shifting gears. The point 
at which the curves cross is the point where 
we run completely out of acceleration, that 
is, where we have reached top speed of the 
car. The acceleration available at a given 
speed is proportional to the vertical distance 
between the curves. As will be seen in Figure 
3, this acceleration stays with us much bet- 
ter with the newer engines, but their top 
speed is not much greater. 

The curves in Figure 3 can be changed 
individually or changed in relation to each 
other. The only convenient way to change 
the horsepower required to drive the car is 
to make the car smaller. It is heresy to men- 
tion smaller cars, however. Since Mr. Jones 
has a big car, the rest of us want big cars. 
So, what may be done to the other curve 
and its relation to the power required? For- 
tunately, the engine manufacturer has con- 
centrated on this curve and on fitting it to 
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the power required in any manner demand- 
ed by the driving public. 

Engine horsepower is directly proportional 
to the product of engine torque and speed. 
The torque curve for the same-size engine 
before and after increasing the horsepower 
is shown in Figure 4. The horsepower is also 
a function of the amount of air the engine 
can consume. A curve showing the rate at 
which air is drawn into the engine would 
look very similar to Figure 2. A curve show- 
ing the maximum amount of air drawn into 
the engine per revolution would look much 
like the torque curve in Figure 4. In order 
to get more horsepower, more air must pass 
through the engine. The ideal curve would 
be one in which the engine took in the max- 
imum amount of air per revolution, with 
this amount staying constant at all engine 
speeds. A typical curve is shown in Figure 5, 
for both the old and the new engine. There 
are many factors which affect this curve, the 
following being some important ones. 

(1) Displacement of the engine 

(area of the pistons multiplied by the 
length of stroke) 

(2) Number of cylinders 

(3) Timing of the intake and exhaust 

valves 
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(4) Size of valves 

(5) Lift of valves 

(6) Intake manifold and carburetor 

(7) Shape of combustion chamber 

(8) Ratio of the diameter of cylinder to 

length of stroke 

(9) Exhaust manifold, including the ex- 

haust pipe and muffler 

The displacement of the engine fixes the 
maximum point on the air-consumption 
curve for an engine which is not super- 
charged. Since we want more horsepower 
for the same size of engine, however, the 
displacement is fixed. An engine with a 
given displacement can have a large number 
of small cylinders or a small number of large 
cylinders. Other things being equal, the 
greater the number of cylinders for a given 
displacement, the closer the curve approaches 
the ideal. Unfortunately, there are disadvan- 
tages to engines having a large number of 
small cylinders. They are complicated to 
build and maintain. Also, as the cylinder 
dimensions decrease, the ratio of surface to 
volume increases and heat transfer increases. 
Most manufacturers have settled on six or 
eight cylinders as a good compromise. 

The series of events as they occur in a 
cylinder of the typical automobile engine 
operating on the four-stroke cycle is shown 
in Figure 6. The complete cycle requires 
two revolutions of the engine. The exhaust 
valve opens several degrees before the end 
of the power stroke and closes a few degrees 
after the top center position, during the be- 
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ginning of the intake stroke. The intake 
valve opens a few degrees before the end of 
the exhaust stroke and closes several degrees 
after the beginning of the compression 
stroke. 

The valve timing has a very great effect 
on the shape of the curve in Figure 5. If the 
valves are timed to open and close nearer to 
the top and bottom center positions, the 
low-speed end of the curve will be raised 
(solid line in Figure 5). This is good, be- 
cause it gives the old jalopy lots of pep at 
low speeds. Unfortunately, it also causes the 
high-speed end of the curve to droop. This 
is bad, because the maximum horsepower is 
lowered, and, even though we start fast from 
the stoplight, the other fellow can pass us 
before we have gone very far. If the valves 
are timed to open and close farther from the 
top and bottom center positions, the low- 
speed end of the curve will droop (dashed 
line in Figure 5). This isn’t as bad as it 
seems at first, because the intake valve closes 
so late that some of the air is pushed back 
out of the cylinder at the beginning of the 
compression stroke during the low speeds. 
This allows us to increase the compression 
ratio without an annoying detonation or 
“ping.” Although this drooping of the curve 
may give us just a little sluggishness at low 
engine speeds, it won’t be too noticeable. 
Anyway, we have an ace in the hole for the 
problem of low-speed performance. One nice 
thing about timing the valves this way is 
that we keep the high-speed end of the 
curve up, and this is pay dirt so far as horse- 
power is concerned. There is even accelera- 
tion left when we reach speeds that ought 
to scare us to death. 

There are other things that can be done 
to keep the high-speed end of this curve 
high, such as making bigger valves, making 
them open wider or using larger carburetors. 
But let’s see the ace in the hole we had for 
the low-speed end of the curve. In recent 
years there have been new developments in 
transmissions, which take care of this end 
also. These include the overdrive, the fluid 
clutch, the torque converter and the auto- 
matic gear shift. Most of the new transmis- 
sions combine two or more of these. In gen- 
eral, the less the engine torque is multiplied 
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before it gets to the rear wheels, the better 
gas mileage will be obtained. However, the 
more it is multiplied, the greater is the ac- 
celeration that will be obtained. These new 
transmissions automatically multiply the en- 
gine torque when the driver calls for accel- 
eration and then stop multiplying it as soon 
as he lets up on the accelerator. With these 
new transmissions the low-speed engine 
torque is no longer so important, and this 
leaves the manufacturer free to concentrate 
on the high-speed end. The old driver could 
do most of the things with a conventional 
gear shift that the automatic transmission 
does for the modern driver, but it took prac- 
tice. 

With the new transmissions today’s driver 
doesn’t have to learn as much as formerly. 
The clutch pedal and gear shift have been 
eliminated, and there is plenty of accelera- 
tion at low car speeds and at high speeds. 
These improvements may cost the driver a 
li:tle more gasoline, but headlights in the 
rear view mirror look so much better to him 
than taillights through the windshield that 
he feels it is worth the price. 





CARDIAC OUTPUT 
Continued from Page 4 





Some investigators have calculated blood 
flow rates from measurements of arterial 
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blood pressure as a function of time.? The 
method requires certain assumptions to be 
made about the resistance of blood vessels 
to flow. In actuality, the diameter of an 
arterial vessel changes not only because of 
its elasticity but also because of activation 
of muscle fibers in its walls. Thus, the re- 
sistance of a flow path at any instant is a 
highly uncertain quantity. It is expected 
that advances in mechanical theories of flow 
in nonrigid tubes will greatly improve the 
value of this technique for determining 
cardiac output. 

Radioactive or dye-pigment tracers may 
be injected into the blood stream at one 
point and the concentration of the tracer 
measured at a distant point of the system 
as a function of time. From a graphical plot 
so obtained it is possible to calculate mean 
circulation time, dilution and finally the 
mean blood-flow rate, or cardiac output. 
One present technique employs a blue dye 
injected in a pulmonary artery by means of 
a catheter (the flexible tube is introduced 
into an opening in one of the right-arm 
veins and is passed through the vessels lead- 
ing to the heart, into and through the right 
auricle and ventricle).4 Semicontinuous 
blood sampling for dye concentration is 
made at the bracchial artery of the left arm. 
Errors may be introduced in this procedure 
by shunting of blood across the main flow 
circuits and by early recirculation of labeled 
blood. However, the method is potentially 
good, and measurements agreeing within 10 
to 20 per cent can consistently be obtained 
with careful analysis of the blood samples 
and control of the injection rate. Recent 
work with radioactive tracers has peen espe- 
cially encouraging. 


THE FICK PRINCIPLE AND APPARATUS 

The universal law of conservation of mass 
forms the basis of one of the most funda- 
mental and widely used principles of physi- 
ologic experimentation. The mathematical 
formulation actually employed is known in 
physics as the “equation of continuity” and 
in medicine as the “Fick Principle”’—in 
honor of the man who first applied it there. 
The principle is almost axiomatic and will 
be stated as follows: the difference between 


May, 1952 


the amount of a substance conveyed to an 
organ and the amount conveyed from that 
organ in a given interval of time is equal to 
the amount of the substance absorbed or 
produced by the organ in that time interval. 


From reference to Figure 1 it is evident 
that the substance (oxygen) and the organ 
(lung blood) constitute a possible system 
for analysis by this principle. The amount 
of oxygen carried to the lungs in the blood 
stream in a given period of time can be 
expressed as the product of the average con- 
centration of oxygen in the blood stream by 
the volume of blood which enters the lungs 
in the given period. If F denotes the average 
rate of inflow of blood during a time ¢t, and 
if C, denotes the average concentration ot 
oxygen in the venous blood entering the 
lungs, then C, Ft is the amount of oxygen 
conveyed to the lungs by the blood stream 
in the time ¢. Similarly, if C, denotes the 
average concentration of oxygen in the ar- 
terial blood leaving the lungs, then C, Ft 
will be the amount of oxygen carried away 
from the lungs by the blood stream in the 
time t—because the average flow of blood into 
and out of the lungs is the same and, in 
fact, is by definition “cardiac output.” Thus, 
by the Fick principle, the blood must during 
its passage through the lungs absorb an 
amount of oxygen equal to (C, —C,, )Ft, 
the transfer occurring, of course, in respira- 
tory processes. Denoting by Q(¢) this quan- 
tity of oxygen “consumed” in the period of 
time t, we can now write the Fick equation 
for cardiac output F: 


Q(t) 


Bt ees 
(Cc, —C, )t 





We could obviously have written a similar 
equation for the substance carbon dioxide, 
and the use of this alternative metabolite 
has some advantages." 

To express the oxygen consumption Q in 
a more useful form, we again use the law of 
conservation of mass, or the equation of 
continuity considering the gas stream into 
and out of the lungs as the “conveyor:” 


Qt) =C,V;()—-C FV, (6); 


where Cj and C, are respectively, the aver- 
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age concentrations of oxygen in inspired and 
expired air, and where JV; (t) and V, (¢) 
denote the volumes of air inspired and ex- 
pired in the period of time ¢. All of these 
quantities are either known or can readily 
be measured, with the exception of the in- 
spired air volume V;. In this case, since 
the only significant constituents of respired 
air are oxygen, carbon dioxide, and nitrogen 
(the concentrations of which are all known 
or measurable for inspired atmospheric air), 
and since nitrogen transfer in the lungs is 
essentially nil, V; can be calculated by 
measuring one quantity, namely, the average 
concentration of carbon dioxide in expired 
air, say C’, .* 

Thus, if we assume that inspired air is of 
known and unchanging composition, the de- 
termination of cardiac output by the Fick 
principle, considering oxygen as the con- 
served substance, involves measurement of 
“Actually, expired air is essentially saturated with water 
vapor at body temperature. However, as it is possible 


to correct for this vapor rather easily, no further men- 
tion of it will be made in this paper. 
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Figure 2. Schematic diagram of apparatus 
for determining cardiac output by the Frick 
Principle. 


Page 14 


five variables: two requiring fluid analysis— 
namely, the average concentrations of oxy- 
gen in arterial blood, C,, and in venous 
blood, C,; and three requiring gaseous 
analysis—namely, the average concentrations 
of oxygen, C,, and carbon dioxide, C’,, 
in expired air and the volume, V,, of air 
expired in the time ¢ during which the con- 
centration averages were taken. A schematic 
diagram of the apparatus which was con- 
structed for the Emory University Cardio- 
vascular Laboratory to obtain these measure- 
ments is shown in Figure 2. 

The fluid analysis part of the system is 
mechanically quite simple, involving pumps 
to remove arterial and venous blood samples 
from the patient and deliver them to suit- 
able oxygen concentration meters. 

The gaseous analysis part of the system 
includes a mouthpiece, or mask, having flut- 
ter valves (not shown in Figure 2) by means 
of which inspired and expired air flows are 
kept separate. The expired air stream is re- 
duced in amount by a splitter which vents 
some known fraction (80 per cent) of the 
flow to the outside, while passing the re- 
mainder into one of two collecting tanks 
through an electrically controlled selector 
valve. The purpose of the splitter is to per- 
mit use of a smaller and more convenient 
tank than would be needed to collect all of 
the gas expired by a heavily breathing pa- 
tient in the time ¢ over which measurements 
have to be averaged. Successive breaths of 
air forced into one of the collecting tanks 
are mixed together by diffusion and air cur- 
rents, so that the total volume collected over 
the interval of time t becomes a homogenous 
“aliquot” of average composition. At the end 
of the averaging period, the expiratory air 
stream is diverted to the second tank by a 
change in position of the selector valve. 
While the second tank is filling breath-by- 
breath, the following sequence of operations 
is performed with the first aliquot: (1) the 
volume of gas collected is measured, from 
which the total volume of gas expired in the 
averaging period ¢ can be calculated by tak- 
ing into account the known splitting ratio; 
(2) a sampling pump draws some of the 
mixed gas out of the tank and passes it 
through meters which measure the concen- 
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trations of carbon dioxide and oxygen; and 
(3) just before the second tank reaches the 
end of its averaging period, an exhaust fan 
empties the first tank completely so that it 
will be ready for a new cycle of gas collec- 
tion and analysis. 

The whole process is performed auto- 
matically, through electrical controls, and 
could be maintained for an indefinite length 
of time. Thus, determinations of cardiac 
output are provided “semicontinuously”—in 
successive averaging periods of duration t— 
by the reciprocal functioning of the twin 
collecting tanks. 

Thus far the discussion has been con- 
cerned primarily with the selection of a 
method and a type of apparatus for solving 
the cardiac-output measurement problem. 
We want now to consider specific design de- 
tails of the instrumentation and to point out 
some of the compromises which had to be 
accepted in developing a practical opera- 
tional system. It must be admitted that en- 
gineering refinements, and what the physi- 
cist would term “elegance,” had all too fre- 
quently to be sacrificed in order to make use 
of equipment components already at hand 
or having “good delivery dates” from manu- 
facturing sources. Concessions to economy 
and expediency are, however, sometimes un- 
avoidable in engineering. The “austere” ap- 
proach to “first models” may even result in 
a more compact, less costly finished product 
than would have resulted from unlimited 
incorporation of components originally con- 
sidered desirable. 


THE GASEOUS ANALYSIS SYSTEM 


Figure 3 depicts typical characteristics of 
the expiratory gas stream in resting man. 
The graph of instantaneous flow rate 
(known as a pneumotachogram) shows that 
the velocity of effluent air throughout a 
breathing cycle varies widely, and, even un- 
der supposedly stable and unchanging con- 
ditions of the subject, some variation in the 
pulse contour occurs from one breath to the 
next. The graphs of oxygen (O,) and carbon 
dioxide (CO,) concentrations réveal that the 
ratio of these two functions of time is by no 
means constant throughout the breathing 
cycle, and, again, variations may be observed 
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Figure 3. A typical pneumotachogram for 
two consecutive exhalations (by resting man) 
is shown in the upper line while the corre- 
sponding oxygen and carbon dioxide con- 
centrations are shown below. 


from one breath to the next.* 

It was pointed out earlier that cardiac 
output is best defined by taking a time 
average over several heart beats. It is now 
evident that determinations of cardiac out- 
put by the Fick method require an averag- 
ing time of at least one breath period. How- 
ever, there is another and much more im- 
portant factor to be considered: the Fick 
equation implies that the air and blood in- 
volved in the interchange of oxygen can be 
isolated from all other air and blood nat- 
urally present. Actually, because of the in- 
accessibility of the system constituents and 
because of their somewhat random inter- 
action, a considerable phase difference may 
exist between what is measured in the fluid 
analysis and what is measured in the gaseous 
analysis. The only apparent way to circum- 
vent this fundamental difficulty is to choose 
an averaging time so large that all lags in 
the respiratory and circulatory processes be- 


*The following comments may clarify oxygen-carbon di- 


oxide relationship in expired air. Inspired atmospheric 
air is high in oxygen and low in carbon dioxide. The 
gas which is first expelled from the mouth or nose in 
expiration is that which has filled the trachea and 
bronchial passages—where little interaction between air 
and blood can occur; it is, therefore, essentially atmos- 
pheric air. The terminal gas of expiration is that which 
has filled the alveoli, deep within the lungs, where blood 
and air are in intimate contact and can reach gaseous 
equilibrium through the physical process of diffusion. 
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come negligible. A cycling period of 60 sec- 
onds was finally chosen for the Emory Uni- 
versity apparatus, in order to acquire other 
advantages of a long averaging time. How- 
ever, provisions were made to change later 
to a 30-second cycling period, which it was 
felt would be the minimum time interval 
needed to satisfy the validity requirement 
for the Fick method. 

Normal resting man breathes some 6 liters 
of air per minute. Thus, to cover one ex- 
treme of experimental conditions, it was es- 
sential that volumes of gas in this order of 
magnitude be accurately measurable. The 
conditions of physiologic activity of interest 
in the Cardiovascular Laboratory’s research 
program prescribed an upper extreme of 30 
liters of air per minute. Investigation of the 
market in gas collection devices resulted in 
a narrowing of immediate choices to either 
6-liter or 30-liter capacity spirometers. These 
are similar to the familiar basal metabolism 
apparatus, consisting of a cylindrical metal 
bell which is suspended from a pulley with 
a counterbalancing weight so as to move in 
and out of a concentric cylindrical tank of 
water in accordance with the influx or 
efflux of gas through a pipe entering the 
closed chamber at the water surface. The 
6-liter tank would give more accurate read- 
ings for small volumes. However, used with 
a 4:1 gas-flow splitter, it would multiply 
errors in measuring larger expiratory vol- 
umes. Partly because of space considerations 
and partly for another, phenomenological 
reason (to be brought out below), it was de- 
cided to utilize standard 6-liter spirometers 
for gas collection. 

Perhaps the most troublesome problem in 
the development of the mechanical appa- 
ratus was to obtain a satisiactory compro- 
mise between the “dead space” and “back 
resistance” properties of the system. It had 
been shown by exploratory studies with the 
pneumotachograph that a human subject 
can detect resistances to breathing which 
exceed a back pressure equivalent to 6 mil- 
limeters of water. This meant that, unless 
the proposed apparatus could be sufficiently 
“loosely coupled” to the human system, the 
process of measuring cardiac output might 
alter the very quantity sought through the 
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action of neurohormonal anxiety mechan- 
isms or even (by pure physics) through the 
mechanical loading itself. The resistance of 
the piping, flow splitter and selector valve 
had to be kept low, and any friction in the 
movement of the spirometer bells had to be 
minimized. At the same time, however, the 
volumes of the piping, etc—in which air 
from one 1-minute cycle would be trapped 
and form part of the sample obtained for 
the next 1l-minute cycle—had to be kept 
“negligible.” If small-diameter tubing from 
the patient to the apparatus proper were 
employed as a means of reducing this dead 
space, the resistance to flow would be in- 
creased. To minimize both dead space and 
back resistance, the tubing could be made 
short; but then the apparatus proper would 
have to be almost on top of the patient. 
This was undesirable not only for psycho- 
logical reasons (another form of overly tight 
“coupling”’), but also because it would se- 
verely restrict movement of the patient to 
obtain the desired conditions of tilt, etc. 
As frequently happens in engineering re- 
search and development, the apparent prob- 
lem resolved itself into a new problem raised 
by the apparently logical solution of a pre- 
vious problem. After selection of the 6-liter 
size for the gas collection tanks, two stand- 
ard spirometers were purchased and imme- 
diately modified to provide sampling outlets 
and other features called for by the over-all 
system arrangement. At the same time, em- 
pirical design of a gas-flow splitter was un- 
dertaken to shunt 80 per cent of an air- 
stream one way and pass 20 per cent into 
either one of the modified spirometers. Be- 
cause of the highly variable flow rates en- 
countered in expiratory pulses and the ne- 
cessity for obtaining accurate volumes in the 
collected aliquot, attention was directed to- 
ward matching the mechanical impedance 
characteristics of the 80 per cent “dumping” 
circuit with those of the tank circuit (in, of 
course, a 1:4 ratio) so that a constant split 
would be obtained over a wide range of air 
velocities. No simple way could be found to 
simulate simultaneously the inertia of the 
tank and counterweight (providing imped- 
ance to acceleration), the friction of the pul- 
ley and of the bell in contact with water 
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(offering resistance to velocity) and the com- 
pliance of the volume of air already residing 
in the tank (tending to buffer out sudden 
changes in volume). It was particularly dis- 
tressing to discover that the frictional effect 
was not constant and could not be made 
constant even by installing the best ball 
bearings in the pulley wheel and adding 
detergents to the water to reduce “clinging” 
on the sides of the bell. The only practical 
answer at this point was to make the re- 
sistance of the piping leading to the tanks 
large, so large in fact that the variable im- 
pedance properties of each tank would be 
satisfactorily masked. 

Thus, by choosing the “best” gas collec- 
tors, the adverse coupling between instru- 
ment and patient (the avoidance of which 
was the riginal objective) had ultimately 
to be accepted in part; but this compromise 
permitted greater physical isolation of the 
instrument and patient and thereby (with- 
out introducing too much dead-space error) 
reduced another form of adverse coupling 
as well as a mechanical obstacle to necessary 
movement of the patient. This circle of in- 
teracting factors is fairly typical of biological 
instrumentation problems. 

Design of the remaining components of 
the gas analysis system proved to be com- 
paratively straightforward, and the end 
products will be discussed only briefly. In 
order to obtain automatic recordings of the 
volumes of expired gas collected in the 
tanks per minute, a photocell arrangement 
is used in conjunction with a plastic pulley 
wheel on which has been painted an opaque 
spiral figure. As the wheel rotates with the 
rising spirometer bell, it changes the amount 
of light transmitted through the plastic 
from a fixed source located in line with the 
photocell on the opposite side of the pulley. 
The photocell output had, of course, to be 
calibrated against tank volume. 

The pump for forcing samples of the tank 
gas aliquots into the oxygen and carbon di- 
oxide analyzers consists of a reversing piston 
arrangement. The piston moves in a cylin- 
der so constructed that, as the sample from 
one tank is drawn into the chamber on one 
side of the cylinder, the sample obtained 
from the other tank during the preceding 
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half-cycle is pushed out into the metering 
circuit. 

The quantitative measurement of com- 
ponents in a gaseous mixture is most ac- 
curately accomplished by methods of chem- 
ical analysis. However, these methods do 
not lend themselves readily to continuous 
processes. Methods of analysis based on 
physical properties of the gas molecules are 
more feasible; and, depending on the par- 
ticular mixture of interest, a wide assort- 
ment of choices may be utilized for selective 
gas determinations.’ For an oxygen-nitrogen- 
carbon dioxide combination, the strong para- 
magnetic susceptibility of oxygen may be 
used to distinguish it from the other two 
gases. Inasmuch as a commercial instrument 
utilizing this principle was already in hand 
and was claimed to be suitable for the job,’ 
no other possibility was seriously enter- 
tained. For carbon dioxide determinations 
there were commercially available cheap, re- 
liable and reasonably accurate instruments 
based on the thermal conductivity proper- 
ties of the gas.°. 

The response time of both paramagnetic 
oxygen meters and thermal-conductivity car- 
bon-dioxide meters is quite long—about 40 
seconds. It was partly to accommodate these 
lags that the 60-second cycling time was 
chosen for the cardiac-output apparatus. In 
addition, both instruments require that the 
flow rate of the sampled gas-through the 
detecting cells be slow (50-200 cc/min) and 
constant. This characteristic was achieved 
by driving the gas sampling pump with a 
constant-speed motor through a rack-and- 
gear transmission. The fact that the tank gas 
aliquots from which the samples were drawn 
are essentially homogeneous ensures that 
each gas meter approaches an asymptotic 
reading during each averaging period. 

One more feature of the gas analysis por- 
tion of the system should be mentioned. It 
is obvious that an arbitrary one-minue in- 
terval may not include an integral number 
of breaths. The question arose as to whether 
it would be more desirable to keep succes- 
sive cycling periods of constant duration or 
to terminate each cycle at the end of a 
breath. It was decided that the latter would 
be physiologically more valid in the Fick 
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method of determining cardiac output. This 
meant that the master timing controls 
would have to be synchronized not only 
with a standard clock but also with the 
respiratory activity of the patient. A suit- 
able system for sensing the completion of a 
breath was not very difficult to devise, but 
the need for a physiologically valid as well 
as mechanically satisfactory solution is typ- 
ical of biological engineering problems. 


BLOOD ANALYSIS SYSTEM 

The accepted physical method for con- 
tinuous determination of the oxygen content 
of blood makes use of differences in the 
light-absorptive properties of oxygenated and 
deoxygenated blood which exist in the red 
and infrared spectral regions. The tech- 
nique, developed by Wood and Millikan, 
led to the design of a practical instrument, 
the oximeter, for clinical purposes.”.” In 
the oximeter, blood samples are drawn into 
accurately constructed chambers (called cu- 
vettes) which are irradiated by light in the 
desired spectral range. The transmitted 
light is broken into sharp bands centered 
about wavelengths of 6500 Angstrom units 
(infrared) and 8000 Angstrom units (red) by 
means of suitable selective filters. Pairs of 
photocells on the opposite side of the cu- 
vettes respond to the relative transmissions 
of the blood at these two wavelengths. Cal- 
culations based on knowledge of the charac- 
teristic curves and on the measured outputs 
of the photocells permit determination of 
the oxygen concentrations in the blood 
samples. 

Because of problems attendant to the col- 
lection and oximetry of blood aliquots over 
successive 1-minute periods, the blood analy- 
sis system was designed for continuous sam- 
pling. The arterial and venous blood-sam- 
pling pumps indicated in Figure 2 consist 
of a pair of large syringes connected to the 
patient by narrow-bore tubing, in which the 
oximeter cuvettes are interposed. The syr- 
inges are pulled out at a very slow rate 
(4 cc/min) by a motor-driven screw. Instan- 
taneous readings of blood-oxygen concentra- 
tion which are obtained from the oximeter 
by this means must be converted to 1-minute 
time averages by mathematical operations 
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on continuously recorded curves before the 
fluid analysis data can be combined with 
gas analysis data to obtain cardiac output 
determinations. 


RECORDING SYSTEM 


The choice of methods for recording the 
various pieces of information obtained with 
output apparatus was largely determined by 
the availability to the project of an 18-inch 
strip-paper camera. To obtain the photo- 
graphic traces, a bank of optical galvanom- 
eters was set up in a light-tight tunnel con- 
necting with the camera lens. The use of a 
long optical lever arm provides very high 
instrument sensitivity. Although, from a me- 
chanical standpoint, the recording appa- 
ratus is less elegant than might be desired, 
any system other than a _photographic- 
optical galvanometer arrangement would 
have required expensive electronic ampli- 
fiers. 

In practice eight instrument channels are 
used: one for the volumes of expired air 
measured at each of the collecting tanks on 
alternate 1-minute cycles; one each for the 
concentrations of oxygen and carbon dioxide 
in the expired gas samples; four for the in- 
frared and red oximeter readings of venous 
and arterial blood oxygen; and one for in- 
troducing coding or other auxiliary informa- 
tion on the records. The photographic paper 
is run through the camera at a speed of 1.25 
millimeters per second, and approximately 
eight feet of recording is obtained in a 
typical experimental procedure. 

The analysis of all this information is 
necessarily complex and_ time-consuming. 
Several unique adjustable scales have been 
devised to aid in making quantitative meas- 
urements from the records and in computing 
cardiac output from these intermediate data. 

The instrumentation techniques employed 
in the semicontinuous cardiac-output an- 
alyzer described here admittedly do not con- 
stitute the best solution to the problem of 
measuring the flow rate of blood. Several 
much less complicated approaches seem feas- 
ible, but, at the moment, they must await 
further development. As has been indicated, 
the innate characteristics of the human car- 
diovascular system preclude as simple an 
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approach as might be made in nonliving 
rigid and accessible flow systems. The same 
sequence followed by other engineers—study, 
design, build, test and improve—must be fol- 
lowed by the biological instrumentation en- 
gineer. As he gains experience in what is a 
relatively new field, his work may be ex- 
pected to contribute importantly to human 
welfare. 
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SAMPLING PEANUTS 
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cated that the results obtained by each in- 
spector were not significantly different from 
those obtained by the other inspectors. More 
specifically, there was no significant differ- 
ence in either the experimental technique 
or the judgment of the, various inspectors. 
Similarly, there was no significant difference 
from one sample to another. This is what 
would be expected, since damaged peanuts 
are normally distributed at random through- 
out the load of peanuts. Thus, the variation 
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of repeated damage analyses can be attrib- 
uted entirely to chance variation in the dam- 
age content of the four-ounce sample an- 
alyzed. This conclusion was verified by com- 
parison of the experimental variation with 
the theoretical variation predicted by the 
mathematical laws of chance. If the follow- 
ing assumptions are made, 

(1) the four-ounce sample of peanuts, 
which for the runner type contains 
approximately 200 kernels, is a ran- 
dom sample from an infinite source of 
peanuts, 

(2) the good and damaged kernels are all 
approximately the same weight, 

(3) the presence of a damaged kernel in 
one-half the peanut does not affect 
the probability of obtaining a dam- 
aged kernel in the other half of the 
peanut, 

then the Binomial Expansion can be used 
to calculate the expected chance variation 
in percentage of damaged kernels in re- 
peated samples. This theoretical variation, 
expressed as the average range between du- 
plicate analyses, has been calculated for a 
number of sample sizes and. is shown by the 
solid lines in Figure 2. The experimental 
values plotted on this graph show excellent 
agreement with the theoretical curves. This 
verifies the previous conclusion that the 
variation in repeated estimates of the dam- 
age content is due to the chance variation 
in the damage content of the samples grad- 
ed. Thus, the sample size necessary to keep 
this variation within any prescribed limits 
can be calculated. 

Of the other variables involved in pricing 
peanuts, only the percentage of sound ma- 
ture kernels and the percentage of foreign 
material are important. A similar study has 
shown that their variation decreases with 
sample size in about the same manner as 
the damage analysis. 

To solve the problem which has resulted 
from “shopping around” by the peanut sell- 
er, a sample size must be chosen which will 
have an inherent variability of such a mag- 
nitude that this practice will be unnecessary 
and will gradually disappear. It is felt, after 
studying Figure 2 and the other factors in- 
volved, that this can be accomplished in the 
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Figure 1. Although repeated samplings of the same load would give a distribution of esti- 

mated values as shown by the solid curve, the seller, knowing quite closely the load’s true 

value, will reject all bids falling in the shaded area and will accept any new bid falling 
above the true value. 


peanut industry by using a sample of about 
two pounds. Grading a sample of this size 
will undoubtedly call for the use of some 
automatic equipment to speed up the opera- 
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Figure 2. Theoretical variation in the indi- 
cated proportion of damaged kernels as 
shown by duplicate samples. 
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tion. However, it is seemingly the only sat- 
isfactory solution to the problem. It is felt 
that a sound grading system will improve 
buyer-seller relations, as well as aid the 
buyer in properly segregating the peanuts 
according to damage content, a point which 
is extremely important in selecting peanuts 
to be shelled for the edible trade. 


SUMMARY 

In conclusion, the following recommenda- 
tions on sampling and grading farmers’ 
stock peanuts are made. 

(1) Preclean all peanuts before sampling. 

(2) Automatically sample the entire load 

of peanuts as it is being reloaded. 

(3) Use about a two-pound sample for 

grading. 

Points of general interest brought out in 
this study are the importance of the pre- 
cision as well as the accuracy of any system 
for grading an agricultural commodity and 
the need for sound statistical analyses of 
sampling problems to determine the type 
and size of sample required as well as the 
mechanical developments necessary to facili- 
tate collecting and handling these samples. 
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THIN METAL FILMS 


Continued from Page 8 





cleaned, but their adherence to organic sub- 
strate is less predictable. 

The thicknesses of deposited films may be 
estimated, in a rough fashion, by evaporat- 
ing a known weight of metal and by as- 
suming that it is deposited as a spherical 
shell with a radius equal to the filament- 
substrate distance. Thus 4IIR? multiplied 
by the thickness of the film multiplied by 
the density of the metal is equal to the 
weight of the metal evaporated; and the 
thickness is equal to the weight of evap- 
orated metal divided by 4IIR?* times the 
density. A correction would normally be 
made for the difference between the plan- 
arity of the spherical shell and the substrate. 
However, a number of other factors of 
greater magnitude influence the actual thick- 
ness, making the correction of little impor- 
tance. These elements are the type of fila- 
ment, the type of metal, the type of chamber 
and the scattering occurring both in the 
chamber and from the substrate. These scat- 
tering effects appear to be primarily func- 
tions of the filament-substrate distance. In 
work at the State Engineering Experiment 
Station, films deposited at distances of 5-7 
cm checked well in actual thickness with 
film thicknesses predicted by the formula. 
In general, thicknesses for a specific setup 
should be checked by weighing sample films. 

Accurately measuring the thicknesses of 
such films is no mean feat, since they nor- 
mally are only a few millionths of an inch 
thick. Such measurements are generally ob- 
tained by weighing the metal deposited on 
previously tared substrates with a sensitive 
analytical or micro-analytical balance and, 
from the weight obtained, calculating the 
thickness. For dense metals such as gold this 
technique is relatively accurate; for alumi- 
num it is not very applicable. A second 
method considered extremely accurate uti- 
lizes the multiple-beam interferometer de- 
scribed by Tolansky* and Scott*. Except for 
special scientific uses or in research investi- 
gations, exact thicknesses are not of great 
importance. The fact that these films nor- 
mally are considerably thinner than electro- 


May, 1952 


plated films may somewhat limit their use- 
fulness. 

Present uses of evaporated metal films are 
primarily decorative, and such novelties as 
metal-coated plastic, cloth and paper may 
be familiar to the reader. The early uses for 
these films included optical equipment such 
as mirrors. Aluminum mirrors deposited by 
this method are superior to those of silver 
from the standpoints of permanence, non- 
corrosiveness and abrasion resistance, al- 
though they are slightly inferior in reflec- 
tivity when compared to newly coated silver 
mirrors. However, silver becomes tarnished 
with age, while aluminum retains its orig- 
inal reflectivity. Evaporated films have 
gained considerable prominence in the elec- 
tronic industries through use in capacitors, 
circuit elements and crystal plating. Other 
uses which are purely theoretical or scien- 
tific will be discussed later. 


Sputtered Films 

Sputtered films are also deposited in a 
vacuum, but, instead of being evaporated 
from a filament, atoms are knocked from a 
metal cathode by means of high-speed par- 
ticles accelerated by a high potential im- 
pressed between electrodes in the vacuum 
chamber. The vacuum requirements for 
sputtering are considerably less difficult to 
obtain, since a good mechanical vacuum 
pump will readily reach the necessary vacu- 
um of one ten-thousandth to one hundred- 
thousandth atmospheric pressure. 

The general setup for sputtering may be 
seen in Figure 2. A high voltage is impressed 
between the cathode, C, and the anode, A. 
The cathode is made of the metal to be 
sputtered (such as silver). The substrate is 
positioned at S, a distance generally about 
3-5 cm from C. An inner cylinder of glass, 
D, is sometimes used to confine the dis- 
charge. The anode is usually made of alu- 
minum which sputters at an extremely low 
rate. All other metal should be eliminated. 
Greases and gaskets must also be shielded. 

The operation of the unit, although not 
completely understood, is thought to be as 
follows: when a high voltage is impressed 
across the electrodes at a vacuum of one- 
tenth to one-hundredth mm of mercury, the 
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air (or other gas) molecules are ionized. 
Positively charged particles bombard the 
cathode, where their energy is expended. 
The collisions appear to energize certain 
metallic atoms of the cathode sufficiently 
for them to escape and, in essence, evapora- 
tion from microscopic areas occurs. These 
atoms upon contact with a suitable substrate 
are captured and a metallic film is built up. 
The rate at which this occurs is normally 
considerably lower than in evaporation. The 
latter may take place in seconds, whereas 
sputtering may take from a few minutes to 
a few hours. However, sputtered films ex- 
hibit excellent adherence as a result of the 
cleaning action of ionic bombardment of the 
substrate during or before the sputtering. 
This effect may be somewhat enhanced by 
reversing the polarity in the chamber for a 
short period prior to the actual sputtering 
operation. 

The advantages of sputtering over evap- 
oration are simpler equipment, better ad- 
herence and, possibly, better control of film 
thickness once the equipment is calibrated. 
Its disadvantages are lower production rate, 
limited number of metals which may be em- 
ployed practically,* and limitations imposed 
by the ability of substrate to withstand the 
heat generated in the operation. There is 
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Figure 2. Although many modifications have 
been developed, these elements are typical 
of sputtering apparatus. 
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Figure 3. Silver films only four atomic layers 

thick (A.) begin to give the electron diffrac- 

tion pattern of bulk gold. As the film thick- 

ness increases, the pattern becomes more 
distinct. 


a further disadvantage that the whole op- 
eration appears to be a little tricky on occa- 
sion, although good results seem uniformly 
obtainable once the process is stabilized. 

Sputtering has its greatest application in 
coating mirrors and in coating quartz crys- 
tals in the electronic industry. Silver and 
gold are the metals most commonly sput- 
tered. 

The commercial uses of evaporated or 
sputtered films haye been discussed in some 
detail. They also have applications in the 
field of the theory of metals and of matter, 
and these are of special interest to metal- 
lurgists, physicists and chemists. 

The vast technological development of 
our present civilization has been made pos- 
sible to a considerable degree by the great 
progress attained in the production and re- 
finement of metallic substances. The history 
of man has been measured and titled by 
each step forward in this direction, e.g., the 
stone age, the bronze age, the iron age. In 
more recent times has come the mass pro- 
duction of steel, aluminum and magnesium; 
and the future looks bright for other metals 
such as titanium, zirconium, vanadium and 
beryllium. 

Because of the many valuable properties 


*A list of metals and sputtering rates is given in Tech- 
niques in Experimental Electronics by Bachman, John 
Wiley and Sons (1948), page 118. 
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of metals, the exact nature of their structure 
has been of interest to scientists of all pe- 
riods in history. Their properties of strength, 
elasticity, reflectivity, conduction of heat, 
conduction of electricity, density, hardness, 
ductility, malleability, etc., have been the 
subject of many investigations aimed at de- 
termining why they are what they are in 
the various metals. The considerable change 
in these properties which results when a 
small percentage of one metal is added to 
another is also of extreme interest; and this 
whole field of alloys remains a most fertile 
one for future investigation, for the number 
of combinations that may be studied is al- 
most without limit. 

If one builds up metallic structures atom 
by atom, as may be done in evaporation and 
sputtering, it would appear that he may ob- 
tain interesting information concerning their 
structures and properties. Similarly he can 
build up mixtures of metals by depositing 
two or more simultaneously and can observe 
the reactions of the resulting films to various 
measurements and treatments. 

Many astute inferences can be drawn from 
electron micrographs, electron and x-ray 
diffraction patterns of the films and study 
of their electrical resistivities and optical 
properties. These may provide information 
concerning the type and size of the metal 
crystals, the growth of such crystals, the cor- 
rosion resistance of the metal, rates of me- 
tallic diffusion, etc. 

The thickness of thin films may have a 
marked effect on their properties, as the 
following discussion of gold films evaporated 


onto glass or silicon monoxide substrates in- 
dicates. Such films of three or four atomic 
layers in thickness are hardly visible to the 
eye. However, films ten atomic layers thick 
are definitely visible, and those of about 
twenty-five atomic layers exhibit fairly high 
reflectivity, although they are semitranspar- 
ent and they transmit green light. At an 
average thickness of four atomic layers 
(about 15 x 10-* cm), such films appear to 
have a structure corresponding to the nor- 
mal crystalline form of gold, that is, face- 
centered cubic. However, electron diffraction 
patterns show a fuzziness indicative of small- 
er size crystallites. At film thicknesses of 
15-20 atomic layers, definite sharpening of 
the diffraction-pattern lines is observed, im- 
plying a normal gold structure (see Figure 
3). Studies show a very large reduction in 
the electrical resistivity of these films with 
increases in thickness through the range of 
4-20 atomic layers. For films 25 atomic lay- 
ers thick, the resistivity is about five times 
that normal for bulk metal. A gold film 50 
atomic layers thick has a resistivity approxi- 
mately twice that of the bulk metal. 

If gold (or other metal), when evaporated, 
leaves the filament atom by atom and ar- 
rives at the substrate in similar fashion, the 
atoms might not be expected initially to 
bond with each other as completely as they 
are bonded in bulk metal, especially consid- 
ering the effects of surface forces, the pos- 
sible irregularities on the surface of the sub- 
strate and the possible introduction of im- 
purities by the gas in the chamber. How- 
ever, with increasing time, temperature, 





Figures 4 and 4a. The aggregation and sharpening of diffraction pattern lines which occur 
upon heating very thin gold films are shown in these before and after pictures. 
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pressure and other factors, one might expect 
better bonding between adjacent atoms. 
This can actually be noted by measurement. 
However, if the temperature is increased 
considerably, the excited atoms appear to 
overcome the original bond to each micro- 
scopic unit area of the substrate and com- 
bine, because of cohesive forces, into more 
or less spherical globules randomly scattered 
over the surface of the substrate. Such ag- 
gregation causes drastic changes in the ob- 
served properties of the films. 

Heating extremely thin gold films (less 
than 100 angstroms thick) in air to relatively 
low temperatures (under about 300° C) 
causes changes in all of the observed char- 
acteristics, as indicated in Figures 4 and 4a. 
Depending upon the degree of heating, par- 
tial or complete aggregation apparently oc- 
curs, making the film become almost in- 
visible, its resistivity becomes very large or 
infinite and the color of the light it trans- 
mits may change from green to red. Also, the 
lines of its electron diffraction pattern usu- 
ally sharpen appreciably. In the case of 
somewhat thicker films, the reactions to 
heating are different: the resistivity may de- 
crease, and aggregation does not occur to 
the same degree. Obviously, information on 
considerable value may be derived from ob- 
servation of these changes. 

The observations reported here were made 
on the basis of a series of tests on a simple 
metal, gold. The fact that gold continues to 
show its noble nature, particularly as re- 
gards corrosion resistance, even in very thin 
films seems quite impressive. However, each 
metal has many interesting features, and, of 
the 70-odd metals now recognized, only a 
few have been studied in any detail by the 
methods just described. It is toward the 
countless experiments yet to be performed 
that one should look for new frontiers in 
thin metal films. 
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all its production-research expenditures dur- 
ing the past ten years.” By discovering how 
it can reduce the amount of water necessary 
to inject into the field in order to “flood 
out” the oil, the company has saved $2,000,- 
000 in operating costs and an additional 
$195,000 in pumping costs. It has also been 
able to bring to the surface 310,000 more 
barrels of oil with a sales price of $1,312,- 
000. 

The company’s payoff is obvious from the 
above figures. The impact on the petroleum 
industry and American motorists of any im- 
provement in the recovery of Bradford crude 
oil can be understood in the light of two 
facts: because of its particular composition, 
it is the preferred raw material for lubricat- 
ing oils; and it is in far greater demand than 
the waning Pennsylvania field can supply. 
The Bradford field still contains an estimat- 
ed 750,000,000 barrels of oil, only pagt of 
which is economically recoverable by known 
methods. In speaking of research results to 
date, the company’s president recently said, 
“The record of progress encourages the be- 
lief that even further advances may be an- 
ticipated as a result of continued research 
devoted both to studies on methods for re- 
ducing production costs and for the improve- 
ment of recovery efficiency. For every one per 
cent increase in the present recovery method, 
7,500,000 barrels would be added to the re- 
coverable crude-oil reserves of the field.” 

Consideration of how the competitive, 
free-enterprise system works is all that is 
necessary to predict what the success of this 
research really means—additional profits for 
the company, more abundant easily pro- 
cessed raw material for the refiners and top 
quality lubricants at lower cost for the con- 
suming public. Working backward in this 
chain of causation, it seems safe to say that 
if research can make it possible to give the 
public the product it needs at a price it can 
afford, then research will have a payoff in 
your business. 


May, 1952 








